Delivery of the so-called Tumor Treatment Fields (TTFields) has been proposed as a cancer therapy. These are low magnitude alternating electric fields at frequencies from 100 to 300 kHz which are applied continuously in a non-invasive manner. Electric field delivery may produce an increase in temperature which cannot be neglected. We hypothesized that the reported results obtained by applying TTFields in vivo could be due to heat rather than to electrical forces as previously suggested. Here it is presented an in vivo study in which pancreatic tumors subcutaneously implanted in nude mice were treated for a week either with mild hyperthermia (41°C) or with TTFields (6 V/cm, 150 kHz) and tumor growth was assessed. Although the TTFields applied singly did not produce any significant effect, the combination with chemotherapy did show a delay in tumor growth in comparison to animals treated only with chemotherapy (median relative reduction = 47%). We conclude that concomitant chemotherapy and TTFields delivery show a beneficial impact on pancreatic tumor growth. Contrary to our hypothesis, this impact is nonrelated with the induced temperature increase.
Introduction
Delivery of the so-called Tumor Treatment Fields (TTFields) has been proposed as a novel local cancer therapy [1] . It is considered as a non-invasive method. Multiple surface electrodes distributed around the region where the tumor is located are connected to a device responsible for applying mild sinusoidal alternating electrical currents for the treatment. According to the researchers that have promoted the use of TTFields, applying these electric fields to living cells causes misalignment of internal molecules during cell division. This results in an inability to complete the mitotic process, and consequently, an anti-proliferative effect [2] . In contrast to normal mitosis which takes less than one hour, during in vitro experiments it was reported that cells under electric fields tried to split during hours. Some cells go directly into apoptotic death and other end up dividing wrongly and finally die [1, 3] .
In vivo studies show a lower tumor growth rate for treated tumors compared to control ones [1, 4, 5] . Additionally, increase in treatment efficacy when TTFields are combined with conventional chemotherapy drugs is also reported [6, 7] .
The first human trial was performed in patients with glioblastomas (GBM). This type of brain tumor is associated with one of the worst cancer prognoses. The first results showed that the median overall survival of treated patients doubled the reported medians of historical control patients [5] . However in a recent phase III clinical trial, it was reassessed the effect in GBM from patients treated with TTFields against the outcomes from patients treated with standard chemotherapy [8] . In this study, no benefit was observed with TTFields in comparison to chemotherapy, despite the fact that that chemotherapy has a very low effectiveness in the treatment of GBM [9, 10] . Nevertheless, researchers that promote TTFields point to the fact that patients get a better quality of life for the same treatment outcome.
During in vitro assays TTFields were found to achieve maximum efficacy with frequencies between 100 kHz and 300 kHz [3, 5] . The magnitude of the signal is adjusted so that an electric field magnitude typically in the range from 1 V/cm to 3 V/cm is obtained in the tumor [2] . For cancer treatment it has been established that this electric field has to be almost permanently applied and portable systems have been developed for such purpose [4] . In 2011 a device developed by the TTFields promoters obtained the approval of the U.S. Food and Drug Administration (FDA).
TTFields promoters claim that the employed electric field magnitudes are incapable of producing a significant increase in temperature [4] . However, it is possible to numerically demonstrate that TTFields delivery to living tissues must surely produce temperature increases of at least a few tenths of degree Celsius. As an illustration, we have performed a simulation of an experimental in vivo setup employed by TTFields promoters which shows that tissue temperature increases an average of 1.5 °C (simulation description and results are available on appendix). Most likely these are transient harmless temperature increases which are, for the most part, compensated by the organism thermoregulatory mechanisms (e.g. vasodilation). If that is the case, then it can be supposed that these thermoregulatory responses may have a non-negligible effect on tumor growth, particularly if TTFields delivery is accompanied by chemotherapy. Therefore, in our opinion, due to its magnitude and duration, heat injection by TTFields delivery either causes a local temperature increase or it triggers thermoregulatory responses which cannot be considered as negligible if the action mechanism of TTFields has to be elucidated.
The use of alternating electric fields for heating living tissues is a common therapeutic technique. In the context of cancer treatments, hyperthermia is used as an adjuvant to a primary treatment such as chemotherapy or radiotherapy [11, 12] . In these cases, it has been hypothesized that the beneficial impact of hyperthermia is both direct (i.e. thermally mediated) and indirect through physiological responses, such as vasodilation, to the temperature increase [13] .Hyperthermia therapies are commonly applied in short sessions, about an hour, inducing tissue temperatures from 40 to 44 ⁰C [13] . Although it has been shown that cell survival at slightly elevated temperatures not only depends on the temperature but also on the exposure time [14] , to the best of our knowledge, it has not been tested in vivo whether a prolonged exposure to mild temperatures could be beneficial for the treatment of cancer.
Since TTFields treatments produce a significant increase in temperature (or trigger significant thermoregulatory responses) and these are present continuously for weeks, we hypothesized that the positive results of these treatments are not due to the direct effect of the electric fields on the mitotic process but to an effect mediated by the prolonged mild hyperthermia that the delivery of those fields causes. To test this hypothesis we induced 1-week mild hyperthermia on a subcutaneously implanted patient derived xenograft in mice by means of a heat applicator which did not deliver electric fields to tissues. In addition, since there are no independent in vivo studies that validate the efficacy of TTFields delivery in tumor proliferation, we also performed 1-week TTFields delivery in the same tumor model. Both treatments were applied singly and in combination with gemcitabine to reveal any possible synergetic effect.
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Materials and methods
Treatment Devices
Due to animal welfare criteria, animal immobilization for treatment was ruled out and a system based on the use of wearable treatment capsules was conceived (Scheme 1).
10 mm 13.6 mm 14 mm 14 mm Scheme 1. Representation of the wearable capsules used during the study Two types of capsules were implemented; one for each treatment modality (Scheme 2). Actuators and sensors were contained within the capsules for applying the treatments. The capsules were built from polymethyl methacrylate (PMMA) and the actuators were fixed inside using epoxy resin (Fig. 1A-B) . To apply the thermal treatment, a 0.5 W power resistor of 240 Ω was used as heater element. In this capsule a PTC thermistor, used as thermal sensor, was attached on a thin latex strip and placed on the bottom part allowing the control the skin temperature. In addition an open silicon tube allowed air renewal thus reducing humidity for proper skin transpiration. In the capsule for TTFields delivery, stainless steel parallel plates were used to produce a uniform electric field between them. For improving the uniformity of the electric field, and as reported in previous studies [15, 16] , a mild conductivity gel (Aquasonic 100, Parker Laboratories, Inc., Fairfield, NJ, USA), with 0.2 S/m [15] , was introduced in the 4 mm gap between plates before applying the capsule to the animal. During treatment, this gel was replaced approximately every 2 days to compensate for possible losses due to evaporation. The capsules were attached to the mice using silicone harnesses (CiH62, Instech Laboratories, Inc., Plymouth Meeting, PA, USA) customized with thicker silicone tubes around the straps for increasing the skin contact and thus minimizing irritation (Fig. 1C) . Electronic units capable of generating the signals for applying the treatments continuously were designed and developed. The hyperthermia electronic units, able to warm tissues in the capsule up to 43 ⁰C, basically consist in a feedback control system where the skin temperature is measured with the thermistor inside the capsule. The electric field units consist of a square wave generator followed by low pass filter which produces a sinusoidal alternate voltage at 150 kHz.
The electrical connections between the electronic units and the capsules consist of thin insulated wires within a metal spring acting as a protection shield. A counterweight system (CM375BP, Instech Laboratories, Inc., Plymouth Meeting, PA, USA), mounted on the top of the animal's cage, ensures free mobility while preventing wire entanglement ( Fig. 2A) . A total amount of ten systems were built, five for each treatment type ( 
Treatment simulation
The geometry of the capsules was designed and evaluated with the aid of electrical and thermal numerical simulations. The Finite Element Method (FEM) was employed similarly to previously reported studies [17] [18] [19] [20] . Specific FEM simulation software (COMSOL Multiphysics, v.4.3, COMSOL AB, Stockholm, Sweden) was used to solve the differential equations related to electrical and thermal physics.
Tissue temperature (T) at time (t) due to applied heat (Q) was obtained using the Pennes Bioheat Equation Eq. (1) [21] . For each tissue with defined density (ρ), heat capacity (c), thermal conductivity (k) and blood perfusion (ωb), the heat dissipated by blood circulation depends on the density (ρb) and heat capacity (cb) of the blood and also on the difference between temperatures of the tissue and the arterial blood (Tb):
The Pennes Bioheat Equation also takes into account the heat produced by the tissue metabolism ( m Q ). In the present study this parameter was assumed as homogeneous in all the tissues and no blood perfusion (ωb =0) was employed for obtaining the temperature within the inert materials of the capsule (e.g. PMMA and epoxy).
For thermal capsule simulations, heat delivery was modeled as a uniform source of power ( r P ) over the volume (Vr) of the heating resistor:
In the electrical capsules, applied heat is due to Joule heating which is produced within materials that conduct electricity. Joule heating depends on the local electric field magnitude ( E ) and on the electrical conductivity of the material ( ):
The electric field distribution resulting from applying a voltage difference between both electrode plates was obtained by solving the electric potential (φ) that satisfies the Laplace equation (Eq. 
The simulated model represents a capsule (according to the geometries and materials represented in Figs 1 and 2) on a subcutaneous tumor. The biological part of the model is composed of four different tissues: skin, tumor, fat and muscle. Its geometry is showed in Scheme 3 and it represents a cylindrical slab of the mice back with an embedded round shape for the subcutaneous tumor. A constant temperature of 37 °C was defined at the bottom side of the muscle tissue. The electrical and thermal material properties used in the model are summarized in Table 1 . Those values were extracted from literature and from the FEM software library. 
In vivo study
This study was approved and monitored by the IDIBELL Animal Care and Use Committee.
Five-week old male nude mice (Hsd: Athymic Nude-Foxn1nu) (Harlan Iberica, Spain) weighing 18-22 g were employed. The animals were housed in a sterile environment in cages with autoclaved bedding, food and water and were maintained on a daily 12-hr light, 12-hr dark cycle.
The study had three main consecutive stages: 1) subcutaneous tumor implantation at the back of the animal, 2) continuous treatment for a week with the wearable treatment capsules and 3) ex vivo tumor volume assessment.
The implanted tumor fragments were from xenograft TP11 from the pancreatic xenografts collection created in the Translational Research Laboratory in the ICO-IDIBELL [33] . Perpetuation of human tumors in athymic mice was performed in the following way: fresh 2 mm 3 macroscopically viable fragments were orthotopically implanted in the body-tail of the pancreas. After implantation, tumor formation was checked weekly by palpation. When the tumor diameter was 1 cm approximately successive passages were performed in two animals until fifth passage, when the tumor was considered perpetuated.
Tumor implantation for each batch of animals analyzed in this study was carried out in a single session. The surgical process for tumor implantation was carried out under anesthetic isoflurane inhalation. In this procedure, a fragment of about 25 mg of perpetuated exocrine human pancreatic adenocarcinoma was implanted subcutaneously in the interscapular area of the animal. In each session, all animals received tumor fragments from the same donor.
During the next week after implantation, the tumor was allowed to adhere and grow. After that week, daily measurements of external tumor size were performed with a digital caliper until a width of 3.5 mm was reached or surpassed. Then, the animal was randomly assigned to one of the four possible treatment groups (or to the respective control group) and treatment begun. Typically more than a single animal reached the target tumor size at the same day. If two animals achieved this condition, one of them was assigned to the treatment (randomly chosen) and the other mouse was assigned to the respective control group. If a third animal also reached the size criterion for treatment initiation, then it was randomly assigned either to the treatment or to the control group already randomly chosen. If four animals simultaneously reached the size criterion for treatment, then the animals were paired according to their similarity in tumor size and randomly assigned to a treatment (and to the respective control group). Table 2 summarizes the eight defined treatment groups and the dosage. After one week of treatment the animal was sacrificed and the tumor mass was extracted to evaluate its final volume. Tissue samples were also collected for histological analysis.
Tumor volume ( V ) was estimated using Eq. 
Chemotherapeutic Drug
Gemcitabine was provided by the pharmacological department at the hospital. It was dissolved in buffered saline solution in a final concentration of 10 mg/ml. The administration schedule was on days 0, 3, 6 after treatment began and a dose of 100 mg/kg was administered by intraperitoneal injection. In previous studies we showed that administration on days 0, 3, 6 and 9 was effective in inhibiting tumor growth [33, 35] . We adapted this protocol in order to make it feasible for TTFields administration and to be able to evidence minor effects of TTFields on tumor growth reduction.
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Histology and Immunohistochemistry
At sacrifice, tumor samples were embedded in paraffin. With 3 µm slices it was performed a hematoxylin-eosin staining and the immunostaining of Ki-67 using the monoclonal anti-Human Ki67, clone MIB-1 (Dako, Glostrup, Denmark) as a primary antibody and the anti-mouse EnVision System (Dako, Carpinteria, CA, USA). Tumor Ki67+ proliferation index was determined by counting the number of Ki67+ cellular nuclei relative to the total number of tumor cells.
Statistical Analysis
Statistical analyses were performed with a specialized software package (SPSS v.19, IBM Inc., Chicago, IL, USA). Differences in tumor volume were compared by the two-tailed Mann-Whitney U test and also compared by the Wilcoxon matched-pairs signed rank test using matching pairs. Values of p < 0.05 were considered statistically significant in all comparisons.
Gel analysis
A quantitative analysis of metal ions in the conductive gel was carried out to discard any possible effect of electrochemically released ions from the electrodes on tumor growth. In particular, the concentration of metallic ions in gel samples that were kept in sealed electrical capsules subjected to the treatment (6 V/cm, 150 kHz) for a week were compared to equivalent samples from electrical capsules in which no electrical treatment was applied. The samples were analyzed for Chromium (Cr), Manganese (Mn), Iron (Fe) and Nickel (Ni) using inductively coupled plasma mass spectrometry (ICP-MS) by an external laboratory (CCiTUB, Barcelona, Spain).
Results
Treatment Simulation
Simulation results for the electric field capsule indicate that delivery of a sinusoidal voltage wave at 150 kHz and 2.4 V of amplitude across the electrode plates produces a quite uniform field of about 6 V/cm in the space in between the electrodes plates where the tumor is located (Fig. 3A) .
Temperature increase within tissues due to the electric field shows an average increment around 0.7 °C in the tumor with respect to the temperature when no field is applied (Fig. 3B) .
Simulation results for the thermal capsule indicate that mean power of 99 mW is required to induce 41 °C on top of the skin at the tumor location. Deeper into tissues the temperature decreases gradually (Fig. 3C) . Tissue temperature increases up to 5 °C when hyperthermia treatment is applied (Fig. 3D) .
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Skin temperature measurements taken with a thermocouple during in vivo treatments confirmed that skin temperature increase for the electric field capsule was below 1°C whereas skin temperature increase for the thermal capsule was about 4 to 5 °C. 
Treatment results
The administration of gemcitabine at the selected schedule in this patient-derived xenograft (PDX) did not inhibit tumor growth. Also, no significant differences in tumor growth became apparent when comparing hyperthermia and electric fields alone or in combination with gemcitabine (MannWhitney U test). However, we could not rule out a potential effect of the administered therapies due to the internal variability of each group that might be precluding the identification of significant differences among groups. Of note, this occurred in spite of having analyzed a good number of mice per group (Fig. 4) . During the preliminary trials exploring the in vivo setup (data not reported in here), it was observed that tumor fragments implanted in mice grew non-uniformly. Some of the fragments adhered easily and started growing fast and, in these cases, the minimum size required to start the treatment was achieved in few days. On the other hand, other tumor fragments remained small during longer periods and slowly grew up to the size required to start the treatment. These differences in tumor growth rate most likely persist once treatment begins and this surely has an impact on the results. Actually, it is highly plausible that this dispersion of initial tumor growth rates explains why no statistically significant differences are found between controls and treatments when the comparisons are performed at group level (Fig. 4 ).
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Taking the above observation into account, and since it was anticipated a minor impact of any the treatments on tumor growth, the animals were artificially paired before treatment as it is described in section 2.2 according to initial conditions (batch, tumor origin and initial tumor growth rate) so that a paired statistical analysis was also possible for tumor growth (Fig. 5) . Not all the animals could be paired (14 of 68 animals) and these were disregarded in the paired analysis. On the other hand, on some occasions, rather than a single treatment animal and a single control animal, two treatment animals or two control animals were present. In these cases, the sample used for the paired analysis consisted in the average tumor size from the two considered animals. (It has been verified that by randomly selecting one or the other animal, instead of performing the average, the same qualitative results are obtained in terms of statistically significant differences between groups.)
In the paired analysis, mild hyperthermia did not show an effect on the tumor growth rate when six paired treated/non-treated pairs where compared (n=6+6). Similarly, its combination with gemcitabine did not produce a significant effect when compared to the tumors only treated with chemotherapy (n=5+5). Neither the alternating electric fields applied alone had any significant impact on tumor growth (n=5+5). Nevertheless, each animal treated with the combination of electric field delivery and the administration of gemcitabine showed a lower tumor growth rate when comparing with their corresponding pairs treated alone with the drug (n=7+7). Median tumor volume reduction in this group was 47%. 
Histology and Immunohistochemistry
The hematoxylin-eosin preparations displayed the expected histological features of the used tumor in all groups with some central necrotic parts without significant differences between groups. Statistical analysis of Ki67+ proliferation index between treatment groups and their respective control groups did not show statistical differences (Mann-Whitney U test). Table 3 summarizes the Chromium (Cr), Manganese (Mn), Iron (Fe) and Nickel (Ni) concentrations measured in treated and non-treated conductive gels. 
Electrochemical release of metallic ions to the conductive gel
Discussion
The results obtained here indicate that the proposed prolonged mild hyperthermia treatment does not have an impact on tumor growth rate, either applied singly or in combination with a chemotherapeutic drug. On the other hand, TTFields delivery had a positive impact on tumor growth when combined with the chemotherapeutic drug inducing a median reduction of tumor growth about 47%. A similar result has been reported in a previous in vivo study where TTFields combined with chemotherapy reduced by 52% the tumor growth when compared to chemotherapy alone [4] .
It must be noted that, in the same experimental setup, TTFields delivery -despite producing less heating than the tried hyperthermia, as shown both by simulations and skin temperature measurements -had a positive impact on tumor growth whereas hyperthermia did not. Therefore, contrary to our hypothesis the modest beneficial impact of TTFields delivery on pancreatic tumor growth appears non-related with the induced temperature increase.
Both hyperthermia and TTFields offer better effectiveness when increasing the applied magnitude [1, 13] . Therefore we decided to use the maximum magnitude that has been reported by TTFields promoters (6 V/cm) [5] . For hyperthermia treatments we used the maximum temperature that avoided any sort of damage to the mice skin (41 °C) as tested during the model set up. In contrast to previously reported studies on the use of TTFields, we were not able to appreciate an impact of TTFields on tumor growth when applied singly, despite having doubled the field magnitude (6 V/cm) considered as maximum in previous clinical studies (3 V/cm). It must be noted that a preliminary batch of experiments (not reported here) showed no impact on tumor growth when delivering effective magnitudes of electric field of 1 V/cm to 3 V/cm [2] , in line with a recent in vitro study [3] .
One of the strengths of this study is its thorough and meticulous planning. In contrast to previous in vivo TTFields studies, here the animals were free to move within their cages. This made the design and the implementation of the treatment systems particularly challenging because robust systems were mandatory to reliably deliver the treatments during a whole week.
In previous studies TTFields had been applied using electrically insulated electrodes. These electrodes are covered by a thin dielectric layer of a high permittivity material so that DC currents are blocked whereas AC displacement currents can be injected. This prevents any possible electrochemical reactions at the electrodes that could produce species with some sort of physiological impact. However, a disadvantage of this strategy is that an uncertain portion of voltage drops at the dielectric layer rather than across the tissues which implies that the applied electric field is uncertain. In our case, in order to avoid such uncertainty, we used stainless steel electrodes in direct contact with the electrolytic gel and the tissues. Therefore, although DC currents were blocked in our electronic units (by a DC blocking capacitor), we wondered whether some electrochemically generated species could be responsible for the positive impact observed in the combination of TTFields delivery and chemotherapy and we decided to perform the analysis of the gel as reported in sections 2.3 and 3.3. In principle, there was not much reason for concern because the applied frequency (150 kHz) would require much higher currents to produce a significant metallic release from electrodes [36] . And the metallic content analysis confirmed that: the analysis shows similar values in both treated and control samples. Most likely the higher metallic content of both capsule samples in contrast to the brand new gel is due to diffusion. Therefore we can conclude that the observed tumor growth rate reduction is not related with electrochemically generated species during treatment.
We can only speculate about the mechanism of action for TTFields once it has become apparent that the induced mild hyperthermia is unrelated to the observed effect.
On the one hand, the obtained results show a slight synergy between the applied alternating electric field and the chemotherapeutic agent. On the other hand, tumor growth delay was not observed when the electric field is applied singly. Therefore, contrary to what has been reported by TTFields promoters, it seems that TTFields do not have a direct impact on tumor growth. Our observation is compatible with a scenario in which delivery of alternating electric fields produces an increase of chemotherapeutic agent penetration. Previously increased endocytosis was observed when TTFields were observed at a higher frequency (900 MHz) but at the same range of magnitudes [37] . Endocytosis enhancement can be putatively linked to a better chemotherapeutic agent penetration [38] .
The present study shows that concomitant chemotherapy and TTFields delivery has a beneficial impact on pancreatic tumor growth in a pre-clinical model consisting of pancreatic ductal adenocarcinoma perpetuated in athymic mice. Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive solid tumors; and only 10 or 15 % of patients are diagnosed when tumors are surgically resectable [39] . Poor response or resistance to current treatment modalities contribute to a poor prognosis for patients with advanced disease. At this stage, concomitant chemotherapy and TTFields delivery is encouraging for a tumor with such a dismal prognosis.
In the meanwhile further in vitro and in vivo studies are essential to confirm and validate this modest expectation. Should the delay in tumor growth be observed in other cancer model systems and an increment of the chemotherapeutic agent penetration be confirmed, the foundation for innovative therapeutic strategy could be laid. The application of fields for hours or days by means of portable systems is feasible through external electrodes over the body regions where the tumors were located. No surgical procedure would be required for directly applying the fields to the tumors through electrodes since the field magnitude of TTFields is low enough so as to be considered innocuous for the healthy tissues they would need to cross before reaching the tumors.
